This work investigated the role of rpoS in the development of increased cell envelope resilience and enhanced pressure resistance in stationary-phase cells of Escherichia coli. Loss of both colony-forming ability and membrane integrity, measured as uptake of propidium iodide (PI), occurred at lower pressures in E. coli BW3709 (rpoS) than in the parental strain (BW2952). The rpoS mutant also released much higher concentrations of protein under pressure than the parent. We propose that RpoS-regulated functions are responsible for the increase in membrane resilience as cells enter stationary phase and that this plays a major role in the development of pressure resistance. Strains from the Keio collection with mutations in two RpoS-regulated genes, cfa (cyclopropane fatty acyl phospholipid synthase) and osmB (outer membrane lipoprotein), were significantly more pressure sensitive and took up more PI than the parent strain, with cfa having the greatest effect. Mutations in the bolA morphogene and other RpoS-regulated lipoprotein genes (osmC, osmE, osmY, and ybaY) had no effect on pressure resistance. The cytoplasmic membranes of the rpoS mutant failed to reseal after pressure treatment, and strains with mutations in osmB and nlpI (new lipoprotein) were also somewhat impaired in the ability to reseal their membranes. The cfa mutant, though pressure sensitive, was unaffected in membrane resealing, implying that the initial transient permeabilization event is critical for loss of viability rather than the failure to reseal. The enhanced pressure sensitivity of polA, recA, and xthA mutants suggested that DNA may be a target of oxidative stress in pressure-treated cells.
Consumer demand for minimally processed, additive-free foods that have a long shelf life has stimulated research into new nonthermal methods of food preservation. High hydrostatic pressure (HHP) can inactivate nonsporing food-borne pathogens and spoilage organisms with minimal effects on food quality and is thus regarded as one of the more promising of the new technologies. The operation of HHP machinery requires relatively low energy consumption, produces little waste, and therefore, has a low impact on the environment (13, 37, 46) . The use of HHP in the food industry is gradually increasing and is now being applied to a wide range of food products, including oysters, crabs and other crustaceans, cured hams, guacamole, salsas, fruit juices, desserts, and prepared meals (50) .
In order to ensure the safety of pressure-treated foods, it is important not only to have quantitative information on the intrinsic pressure resistance of different microorganisms but also to understand the basis of cellular pressure resistance and how this is affected by conditions during growth, pressure treatment, and recovery. Three main processes are currently believed to contribute to the inactivation of pressure-treated cells. These are protein denaturation, oxidative damage, and loss of membrane integrity (34) .
In all bacteria examined so far, pressure resistance is highly dependent on the physiological state of the cells when exposed to pressure. For example, in Escherichia coli, stationary-phase cells are very much more resistant to pressure than those in the exponential phase of growth (8, 44) . This is due to the operation of the general stress response, since mutations in the rpoS gene encoding the RpoS sigma factor ( S ) lead to a considerable loss of pressure resistance in stationary phase (35, 47) . Natural isolates of E. coli O157 vary widely in their resistance to HHP, and this is due largely to heterogeneity in the rpoS genes and consequent differences in RpoS activity (8, 44, 47) .
RpoS is involved in the regulation of around 11% of the genes in E. coli that have functions affecting stress resistance, cell morphology, metabolism, and virulence (29, 55) . The particular RpoS-regulated genes responsible for increased pressure resistance in stationary phase are not known. It would be reasonable to suppose that some RpoS-regulated functions might have an influence in protecting pressure-treated cells against the supposed main causes of cell death described above: protein denaturation, oxidative stress, or membrane damage. The development of resistance to oxidative damage in stationary-phase cells is well known (38) , and a number of genes known to play a protective role are at least partially regulated by RpoS, including katG, katE, dps, gor, sodC, and xthA (55) . The possible role of RpoS in protecting cells against pressure-induced protein denaturation is presently unclear. The DnaK chaperone is necessary for the development of resistance to heat and oxidation in stationary-phase cells (48, 49) and is also induced in response to pressure (2) . However, although the chaperones DnaK, GroEL, and HtpG are all induced in stationary phase, they are predominantly under the control of RpoH rather than RpoS (23) . In nitrogen-starved cells, the expression of a number of heat shock proteins, including DnaK, DnaJ, and HtpG, was re-duced in an rpoS mutant, so RpoS may play an indirect role in regulating the expression of the heat shock proteins under these conditions (27) . Oxidative stress can cause carbonylation of proteins in stationary-phase E. coli cells (41) and, since the levels of carbonylation increase in rpoS mutants, there may also be an indirect role for RpoS in protecting against this form of protein damage in pressure-treated cells. Trehalose synthesis, which is under RpoS regulation, is involved in the development of thermotolerance in stationary-phase E. coli cells (20) . Like other polyols, trehalose protects proteins against thermal denaturation (6) and may possibly protect proteins against denaturation by pressure as well.
In E. coli, the cytoplasmic membranes of stationary-phase cells are much more robust with respect to pressure than membranes of growing cells, presumably reflecting changes in the structure of the cell envelope (10, 36, 43) . As cells of E. coli enter stationary phase, they undergo a reduction in cell size and a change in shape from rod to coccobacillus. There are also major changes in the composition of the cell envelope, including an increase in the level of cross-linking in the peptidoglycan, an increase in lipoprotein content, changes in phospholipid composition, and the conversion of monounsaturated fatty acids to the cyclopropane form (21) . Some of these changes involve genes that are under RpoS regulation (e.g., cfa and bolA), but whether any of the changes contributes to increased resistance of the cell envelope toward pressure-induced damage is not yet known.
The aims of this study were to investigate the relationship between loss of viability and loss of membrane integrity in strains of E. coli that are isogenic apart from rpoS and to identify RpoS-regulated genes that may contribute to any observed changes in membrane resilience toward pressure. This was accomplished by comparing the responses to pressure of parent and relevant mutant strains from the Keio collection (5) . The effects of certain other genes that are upregulated in stationary phase but are not under RpoS control were also examined. For comparative purposes, we have also examined the effects of some other genes reported to affect pressure resistance.
MATERIALS AND METHODS
Bacterial strains and growth conditions. The strains of Escherichia coli used in the study are shown in Table 1 . E. coli strains BW2952 and BW3709 were kindly provided by Thomas Ferenci, School of Molecular and Microbial Biosciences, The University of Sydney, Australia. E. coli BW2952 is a derivative of the E. coli K-12 strain MC4100 containing a wild-type rpoS gene and a malG-lacZ transcriptional fusion [genotype, F Ϫ araD139 ⌬(argF-lac)U169 rpsL150 deoC1 relA1 thiA ptsF25 flbB5301 rbsR mal::placMu55(malG::lacZ)]. E. coli BW3709, an rpoS null mutant strain, was constructed by using P1 transduction with P1 cml clr1000 grown on strain ZK1171 to introduce rpoS::Tn10 into E. coli BW2952. These two strains were used for studying the effect of the rpoS gene on pressure resistance and loss of membrane integrity. For comparing genes controlled by rpoS, E. coli BW25113 and its mutants from the Keio collection (5) were tested for resistance to pressure in paired comparisons. These strains were kindly provided by H. Mori, Keio University, Japan. Cultures for use in experiments were produced as follows: a single colony cultivated from frozen stock on tryptone soya agar (TSA) (product code CM 0131; Oxoid, Basingstoke, United Kingdom) was inoculated into tryptone soya broth (TSB) (product no. CM 0129; Oxoid, Basingstoke, United Kingdom) and incubated at 37°C for 6 h. Stationary-phase cultures were prepared by inoculating 0.1% (vol/vol) of the 6-h culture into fresh TSB and incubating under the same conditions for approximately 12 to 15 h. Cells in exponential phase were prepared by transferring 0.1% (vol/vol) of the stationary-phase cells into fresh TSB and incubating with shaking for 2 to 3 h at 37°C until the optical density at 680 nm (OD 680 ) reached 0.2 to 0.3 (Cecil model CE 2020 spectrophotometer; Cecil Instruments Ltd., Cambridge, United Kingdom).
Cloning and sequencing of the rpoS gene. The wild-type rpoS gene was cloned and used to complement BW3709 in order to confirm the recovery of pressure resistance. The rpoS coding and promoter region was PCR amplified using primers RPOS-1 (5Ј-AAG GCG ACA CAC TTT TCT ATA T-3Ј) and RPOS-2 (3Ј-ATG ACT CAG GGT TCT GGA TTG TGA CCA-5Ј). The gene fragment was cloned into the EcoRI and BamHI restriction sites of plasmid pSU18 (7) to generate plasmid pSU-rpoS. The sequence of the rpoS gene was confirmed using primers RPOS-1, RPOS-2, and RPOS-3 (5Ј-TGA TTA CCT GAG TGC CTA CG-3Ј) by the University of Reading BioCentre sequencing facility.
Detection of rpoS mutants. The transformed cells were tested for rpoS status by iodine staining, catalase assay, and growth on LB-tetracycline medium (40) . Escherichia coli strains were streaked onto Luria agar plates and incubated at 37°C for 24 h. Plates were left at 4°C for 24 h and flooded with concentrated iodine to detect the level of glycogen. Catalase activity was also examined by adding 3% H 2 O 2 to colonies and observing the production of oxygen bubbles.
Pressure treatment. Cultures were harvested by centrifugation at 2,750 ϫ g for 10 min at 5°C. The cell pellets were resuspended in phosphate-buffered saline (PBS). Cell suspensions (2 ml) were placed into sterile high-density polyethylene plastic pouches of 65-m film thickness (Seward Ltd., Worthing, West Sussex, United Kingdom) which were heat sealed after removal of air and stored on ice. The viable counts of non-pressure-treated cells were determined for each pouch before it was sealed. A model S-FL-850-9-W high-hydrostatic-pressure unit (Stansted Fluid Power, Stansted, United Kingdom) with a chamber volume of Keio collection strains for pressure testing (JW identification no. given in parentheses), with one of the following genes replaced with a kanamycin resistance cassette: Viable counts. After pressurization, cell suspensions were serially diluted in maximum recovery diluent (MRD) (product no. CM 0733; Oxoid, Basingstoke, United Kingdom) and plated onto TSA containing 0.3% yeast extract and 0.1% (wt/vol) filter-sterilized sodium pyruvate. Colonies formed on the agar plates were counted after 24 to 48 h of incubation at 37°C. All experiments were performed at least three times.
Determination of membrane damage by PI uptake. Samples of cell suspensions in PBS with an OD 680 of 0.2 were mixed with propidium iodide (PI) solution to a final concentration of 2.9 M. For evaluation of PI uptake after pressure treatment, cells were incubated with PI for 10 min and then centrifuged at 10,000 ϫ g for 10 min at 4°C. When PI was present during pressure treatment, the cells were centrifuged and washed immediately after decompression. The cell pellet was washed twice with PBS at the same volume. The cell pellet was resuspended in PBS, and fluorescence was measured in a fluorimeter (model LS-5B; PerkinElmer, Waltham, MA) at an excitation wavelength of 495 nm and an emission wavelength of 615 nm. Fluorescence values from untreated cells were subtracted from those of pressure-treated cells, and the data were normalized against the OD 680 of the cell suspensions (PI value ϭ fluorescence value during or after treatment Ϫ fluorescence value of nontreated cells/OD 680 ).
Measurement of protein release from pressure-treated cells. Cell suspensions from pressure-treated and untreated samples were centrifuged at 2,750 ϫ g for 10 min at 5°C. The supernatants were filtered through 0.2-m Minisart high-flow syringe filters (Sartorius Mechatronics Limited, Epsom, Surrey, United Kingdom), and the protein concentrations in the supernatants were determined by using the Bradford assay (product no. B 6916; Sigma-Aldrich Company Ltd., Gillingham, Dorset, United Kingdom) with bovine serum albumin as the standard. Whole-cell protein was measured using Folin Ciocalteu phenol reagent (product no. F9252; Sigma-Aldrich Company Ltd. Dorset, United Kingdom). Whole-cell protein was first solubilized by adding 0.5 ml of 1 M NaOH to 0.5 ml of cell suspension and boiling for 5 min.
Statistical analysis. Survival is represented as the log surviving fraction, this being log(N t /N 0 ), where N t is the viable count (CFU/ml) after pressure treatment and N 0 the initial viable count. All experiments were performed independently three times. When comparing the pressure resistance of parent and mutant strains, the parent was always tested in the same pressure run as the mutant strain being tested. The results are presented as average values with error bars representing the standard deviations. The pressure resistance of a mutant strain was expressed as the differential log survival ratio (DLSR), this being the log surviving fraction of the mutant minus the log surviving fraction of the parent (35) . A negative value indicates that the mutant is more pressure sensitive than the parent. Significant differences between means were tested using one-way analysis of variance with the GenStat statistical analysis package (VSN International).
RESULTS
Effect of rpoS on pressure resistance of E. coli. Before examining the possible effect of rpoS status on the susceptibility of the cell membrane to high-pressure treatment, it was necessary to characterize the effect of rpoS on cell survival after pressure treatment of the test strain. Accordingly, E. coli BW2952 (wild type) and BW3709 (rpoS mutant) were exposed to a range of pressures for 8 min in exponential and stationary phase. In stationary-phase cells, E. coli wild type had a much greater resistance to high pressure than the rpoS mutant (Fig.  1) . There was no loss of viability in the wild type after pressure treatment between 100 and 400 MPa in stationary phase, whereas in the rpoS mutant, the viable numbers deceased by 2.0 log when subjected to high pressure at 300 MPa and by more than 6 log at 400 MPa. At 500 and 600 MPa, the reductions of the viable counts of the wild type were 0.5 and 2.1 log 10 units, respectively, while the rpoS mutant was completely inactivated at 600 MPa. In exponential-phase cells, both strains were far more susceptible to pressure, and there were negligible differences in pressure resistance between them. This indicates that the rpoS status has a major impact on pressure resistance in stationary phase but not in exponential phase.
Relationship between pressure resistance and growth phase. The observed relationship, described above, between pressure resistance and growth phase was investigated in more detail. Samples were taken every 2 h during growth to examine the loss of viability after a fixed-pressure challenge of 300 MPa for 8 min. To avoid any effect of cell concentration on pressure resistance, the cultures were concentrated or diluted to give 10 8 cells/ml before pressure treatment. In relative terms, both strains underwent similar changes in pressure resistance with phase of growth (Fig. 2) . Survival after the pressure challenge decreased rapidly (Ͼ6 logs reduction) when cells entered exponential phase but then increased rapidly at the onset of stationary phase (6 h) before increasing more slowly between 6 and 10 h to reach levels of resistance similar to those at 0 h. Although a similar pattern of growth phase-dependent change in resistance occurred in both strains, higher levels of resistance were reached in stationary phase in the parent than in the rpoS mutant, such that there was a difference in survival of approximately 1.0 log after the pressure challenge. Determination of protein release after pressurization. To test whether the loss of pressure resistance in the rpoS mutant might be associated with changes in cell membrane properties, the levels of release of cell protein under pressure were compared for the wild type and the rpoS mutant. The results depicted in Fig.  3 show that the rpoS mutant released a much larger amount of protein (up to 3-fold) than the wild type. Interestingly, the highest concentration of released protein from the rpoS mutant (176 g/ml) occurred at 300 MPa. At higher pressure levels, the protein concentration gradually decreased (154, 118, and 98 g/ml at 400, 500, and 600 MPa, respectively). This behavior was not observed in the wild type, in which the protein concentration (47 g/ml) reached a maximum at 200 MPa and did not change when cells were exposed to higher pressures.
Determination of membrane damage by PI uptake. As a further test of membrane damage, pressure-treated cells were stained with the fluorescent dye PI, which is excluded from cells with intact membranes. Figure 4 shows the PI uptake of E. coli strains during and after pressurization. The onset pressure for PI uptake was higher in the wild-type strain (200 to 300 MPa) than in the rpoS mutant (100 to 200 MPa). The degree of staining in the rpoS mutant was also of much greater extent than in the wild type both during and after pressurization. Although the wild type took up PI during pressurization, there was almost no uptake of PI after pressurization. The results indicate that the membrane of the wild type has a leaky cell membrane under pressurization and can largely restore its membrane after pressure treatment. In contrast, the rpoS mutant exhibited very little ability to reseal and, thus, had suffered permanent loss of membrane integrity.
Recovery of pressure resistance and membrane resilience after complementation with rpoS. A complementation test was performed to confirm that the observed loss of pressure resistance in the rpoS mutant was indeed due to the rpoS mutation. The rpoS mutant was thus complemented with plasmid pSUrpoS (rpoS ϩ ), and the rpoS status of the resulting Cm r transformants was confirmed by measuring catalase activity and glycogen levels. The pressure resistance and membrane resilience of the complemented rpoS mutant were then compared with these properties in the plasmid-free wild type and the rpoS mutant, as well as with the vector-bearing rpoS strain (Fig. 5  and 6 ). Complementation of the rpoS mutant with pSU-rpoS 5) and also restored the ability to reseal its cytoplasmic membrane (Fig. 6) ; however, the pSU18 vector had no notable effect on the pressure sensitivity of the rpoS mutant, which had a log surviving fraction of Ϫ6.5, similar to that of the plasmid-free mutant (Ϫ7.0) (Fig. 5) . These results show that the provision of a wild-type version of the rpoS gene restores both the pressure resistance and membrane resilience of the rpoS mutant to wild-type levels. Effect of RpoS-regulated and other genes on pressure resistance. The effects on pressure resistance of several RpoSregulated genes affecting cell envelope composition or structure, as well as certain genes involved in stress responses, were studied by comparing survival after treatment at 300 MPa and 600 MPa in E. coli BW25113 (wild type) and otherwise isogenic mutants from the Keio collection. At 300 MPa, only the rpoS and nlpI mutants were significantly (P Ͻ 0.05) more sensitive to high pressure than the wild type, with differential log survival ratios of 3.1 and 1.0, respectively. The differences in loss of viability of the mutants compared with that in the parent strain after pressurization at 600 MPa are shown in Fig. 7 . Strains with mutations in cfa, rpoS, trxB, otsA, recA, nlpI, osmB, otsB, trxA cspA, polA, and xthA were all significantly more pressure sensitive (P Ͻ 0.05) than the parent strain, with log surviving fractions of Ϫ6.74, Ϫ6.63, Ϫ6.47, Ϫ5.67, Ϫ5.48, Ϫ5.44, Ϫ5.25, Ϫ5.23, Ϫ5.21, Ϫ5.15, Ϫ4.93, and Ϫ4.90, respectively, compared with Ϫ3.50 for the parent. The mutations having the biggest effect were cfa, rpoS, and trxB. Four mutations (soxS, uspB, mltB, and sodA) caused a mean increase in sensitivity that was virtually identical to the effects of mutations in polA and xthA, but because of greater variation between replicates, the effect was not statistically significant. Table 2 lists the genes in functional categories with their effects on pressure resistance.
Effects of genes controlled by RpoS on loss of membrane integrity. Mutations that had an effect on pressure resistance were further investigated to determine whether they also affected resistance to membrane disruption. The levels of uptake of PI by E. coli BW25113 and pressure-sensitive mutant strains during and after pressure treatment are shown in Fig. 8 . Four mutant strains, with mutations in cfa (cyclopropane fatty acid synthetase), nlpI (new lipoprotein), osmB (osmotically inducible protein), and otsAB (trehalose synthesis), showed significantly (P Ͻ 0.05) higher PI uptake during pressure treatment than the parent. The highest uptake of PI was seen in the cfa mutant, which also had the greatest loss of viability during pressurization. The intensity of PI staining depends on both loss of membrane integrity and amount of dye bound to nucleic acid, so fluorescence intensity may not be directly related to the extent of membrane damage if strains contain different amounts of nucleic acid. However, tests of the ability of cells to reseal membranes after decompression are based on measurements of PI uptake during and after pressure treatment of samples taken from the same cell suspension, which will have same nucleic acid content. Interestingly, the PI uptake in the cfa mutant after decompression was not significantly different from that of the parent, indicating that membrane resealing was not impaired in this mutant. PI uptake after decompression in the nlpI, osmB, and otsA mutants was significantly higher than in the parent, suggesting that the products of these genes may facilitate membrane resealing.
DISCUSSION
Role of rpoS in the development of cell envelope resilience toward pressure. This work aimed to establish whether the large increase in pressure resistance that occurs when E. coli cells enter stationary phase can be attributed in part to RpoSregulated changes in the resilience of the membrane toward pressure damage. Loss of viability and membrane integrity after pressure treatment were therefore compared in the rpoS ϩ and rpoS Ϫ strains BW2952 and BW3709, respectively (40) . BW2952 is known to possess high levels of RpoS (28), and as expected, differences between the parent (BW2952) and the rpoS mutant (BW3709) in cell survival after pressure treatment were particularly large and, hence, convenient for comparing corresponding differences in loss of membrane integrity. Loss of viability and loss of membrane integrity, indicated by uptake of PI, both occurred at lower pressures in the rpoS mutant than in the parent, consistent with the idea that RpoS-regulated functions bring about an increase in membrane resilience as cells enter stationary phase, resulting in a major enhancement of pressure resistance.
The rpoS mutant and the wild type underwent similar fluctuations in pressure resistance during the growth cycle, but the increase in resistance in stationary phase was much smaller in the rpoS mutant than in the parent strain. Other regulatory elements must also affect stationary-phase resistance, but these evidently have a much smaller effect than RpoS because the maximum level of pressure resistance in the rpoS mutant, measured as survival after the pressure challenge at 300 MPa, was 10-fold less than that in the parent (Fig. 2) . The rpoS mutant also released much higher concentrations of protein under pressure than the parent. Measurement of total protein released does not distinguish between proteins originating from the cytoplasm, periplasm, or the membranes themselves but a Differential log survival ratio ϭ log surviving fraction of the mutant Ϫ log surviving fraction of the parent (35) . does provide an indication of gross loss of membrane integrity that supports the conclusion obtained from uptake of propidium iodide. The interesting pattern of increasing and then decreasing protein release with increasing pressure has been reported in other strains of E. coli and has been attributed to the denaturation of cellular proteins at high pressure that prevents their passing through the peptidoglycan to the outside (30) . Genes associated with morphology and cell envelope composition. In an attempt to identify genes responsible for the stationary-phase increase in membrane stability and pressure resistance, we examined the effects on pressure resistance of a number of RpoS-regulated genes known to be associated with cell morphology and envelope composition. Strains with mutations in two of these, cfa and osmB, were significantly more pressure-sensitive than the parent (differential log survival ratios, Ϫ3.24 and Ϫ1.76, respectively), with cfa having the bigger effect. The cfa gene encodes cyclopropane fatty acyl phospholipid synthase, which converts unsaturated fatty acids to their cyclopropane form as cells enter into stationary phase (18) . Membrane cyclopropane fatty acid is a major factor in acid resistance in E. coli and also contributes to resistance to freezing and freeze drying (9, 11, 17, 39) . The cyclopropane fatty acids appear to stack more compactly in the membrane than unsaturated fatty acids, resulting in a stiffer membrane (39, 51) . This structural alteration also appears to have an effect on the resilience of the membrane toward pressure. Casadei et al. (10) previously observed a qualitative relationship between pressure resistance and membrane cyclopropane fatty acid content in stationary-phase cells grown at different temperatures.
The osmB gene encodes an outer membrane lipoprotein that is induced in stationary phase or by hyperosmotic conditions (26) . Curiously, an osmB mutant grew better than the parent in medium of high osmolarity (25) . It was speculated that the OsmB lipoprotein may cross-link the outer membrane and peptidoglycan in a way that inhibits growth but aids survival under hyperosmotic conditions. Our observation that the osmB mutant was somewhat sensitive to pressure would be consistent with a role for the OsmB lipoprotein in cell survival. Mutations in the other RpoS-regulated lipoprotein genes, osmC, osmE, osmY, ybaY, and mltB, had no effect on pressure resistance, nor did mutations in yhiU (multidrug efflux) or ybgA (hypothetical inner membrane protein); however, in agreement with Malone et al. (35), we found that a mutant with inactivation of nlpI, encoding an outer membrane lipoprotein which is upregulated in response to pressure but is not under RpoS control, was sensitive to pressure. The conversion of rod-shaped exponential-phase cells of E. coli to the smaller and more rounded cells seen in stationary-phase cultures occurs under the influence of the bolA morphogene, which is itself regulated by RpoS. The bolA mutant was no more pressure sensitive than the parent strain, although examination by light microscopy revealed little difference in cell shape between the wild type and the bolA mutant under the rich-medium growth conditions used here (data not shown). As E. coli enters stationary phase, the enzyme cardiolipin synthase catalyzes the conversion of phosphatidylglycerol to cardiolipin. Mutations in cls increase membrane fluidity (45) and contribute to increased survival after repeated cycles of freezing and thawing (52) ; however, the cls mutation had no effect on pressure resistance.
Membrane resealing. Strains with mutations in nlpI and osmB were somewhat impaired in their ability to reseal their membranes after pressure treatment as judged by the extent of PI uptake by cells after decompression. These two lipoproteins may play a role in maintaining membrane structure or, as suggested by Malone et al. (35) for NlpI, may assist in repair of damage to the cell envelope. Interestingly, the membrane of the cfa mutant was not impaired in its ability to reseal after pressure treatment, implying that the initial transient permeabilization event is critical for loss of viability rather than the failure to reseal. This is in agreement with the findings of Klotz et al. (30) working with strains that had natural differences in resistance to high pressure.
It is interesting that two lipoproteins located in the outer membrane, one under RpoS control (OsmB) and the other inducible by pressure (NlpI), had an effect on resistance to pressure, since previous work has shown that damage to the outer membrane, at least as measured by increased uptake of N-phenyl-1-naphthylamine (NPN) (16) or increased sensitivity to sodium deoxycholate (12) , is not lethal to E. coli and can be repaired during incubation in growth medium after decompression. Clearly the roles of outer membrane damage and periplasmic stress responses in loss of viability merit further investigation. Stress responses. Cold shock and pressure share some common features in that both cause a decrease in membrane fluidity and an inhibition of translation, and cold shock proteins are induced in response to pressure (56) . The cold-shock protein CspA is an RNA chaperone believed to be essential for efficient translation at low temperatures (24) . Malone et al. (35) showed that cspA is upregulated 3.9-fold in response to pressure, but a cspA mutant was not significantly sensitive to pressure. In this work, the cspA mutant did show enhanced pressure sensitivity, possibly reflecting differences between strains or conditions. Taken together, our results and those of Malone et al. (35) suggest that the cold-shock response may contribute to enhanced pressure resistance. UspB (universal stress protein B) is believed to be a membrane protein under RpoS regulation that confers resistance to ethanol and freeze-thaw stress (15, 52) . The mean differential survival ratio of the uspB mutant, although similar to that of cspA, was not statistically significant.
Osmoregulation. Inactivation of otsA and otsB, encoding trehalose-6-phosphate synthase and trehalose-6-phosphate phosphatase, respectively, caused a significant decrease in pressure resistance, in agreement with the results of Malone et al. (35) . Trehalose is known to protect proteins against thermal denaturation but may also stabilize membranes (14) . Both otsA and otsB are regulated by RpoS, so this would be consistent with a further role for RpoS-regulated functions in stabilizing membranes against pressure damage. osmB, otsA, and otsB are all expressed in response to osmotic pressure, suggesting a possible link between osmotic and pressure stresses.
Oxidative stress. We also examined the effects of mutations in genes associated with resistance to oxidative stress. The two main RpoS-regulated defenses against oxidative stress are Dps, a DNA-binding protein that sequesters iron and protects DNA from damage, and KatE, one of two hydroperoxidases found in E. coli. KatE is induced in stationary phase and is also regulated by OxyR. Surprisingly, neither of these mutants was pressure sensitive in E. coli BW25113 strains, which differs from the results of Malone et al. (35) (dps) and Aertsen et al. (3) (katE and oxyR). In agreement with Malone et al. (35) , however, we found that trxA (thioredoxin I) and trxB (thioredoxin reductase) mutants are more pressure sensitive than the parent. The sodA and soxS mutants showed differential log survival ratios of Ϫ1.39 and Ϫ1.53 which were marginally nonsignificant but indicative of a role in pressure resistance. This is in agreement with the results of Aertsen et al. (3) , who found soxS and sodAB mutants to be more sensitive to pressure than parent strains. We found no effect of sodC or sodB on pressure resistance, suggesting that the manganese-containing superoxide dismutase encoded by sodA that is induced under conditions of oxidative stress may be more important for pressure resistance than the constitutive iron-containing enzyme (sodB) or the periplasmic copper-zinc enzyme (sodC).
Sublethally injured cells in general tend to be hypersensitive to oxidative stress (32, 54) , but the degree of sensitivity is highly dependent on the physiological state of the cells and the conditions during recovery. This can lead to variability in survival after stress and may account for certain differences between the results of this work and previously reported studies. Nevertheless, these results confirm the importance of oxidative stress as a mechanism leading to the inactivation of cells by high pressure but do not support a special role for the two RpoS-regulated protective functions, Dps and KatE, in preventing oxidative damage and death in pressure-treated cells. This does not rule out a role for RpoS in protecting against pressure-induced oxidative stress, but its role may vary between strains and may be influenced by conditions during exposure to pressure and recovery.
DNA repair. Mutants with mutations in polA, recA, and xthA, encoding DNA repair enzymes, all showed significantly enhanced sensitivity to pressure. However, of these, only xthA, encoding exonuclease III, is regulated by RpoS. One interesting feature of these DNA repair mutants is that they are all hypersensitive to hydrogen peroxide (19) . Hydrogen peroxide is believed to damage DNA by the generation of hydroxyl free radicals in the presence of traces of iron via the Fenton reaction (22) . The sensitivity of these mutants to pressure would thus be consistent with a mechanism wherein damage to DNA arises in pressure-treated cells by the generation of reactive oxygen species (ROS). However, other mechanisms are possible; for example, xthA mutants are defective in the expression of heat shock proteins (42) , and this could have an effect on protection against protein denaturation. Nevertheless, the production of ROS under pressure has been demonstrated by Aertsen et al. (3) , using a leaderless alkaline phosphatase as probe, and Malone et al. (35) suggested a plausible mechanism based on the release of free iron from iron-sulfur proteins and the production of ROS from metabolically generated hydrogen peroxide by a Fenton-type reaction.
An alternative explanation is that pressure causes sublethal damage of a type that sensitized the DNA repair mutants to traces of peroxide present in agar recovery medium. This effect has been seen previously with heat-injured recA, polA, and lexA mutants of E. coli (33) . These were apparently more sensitive to mild heat than wild-type strains when plated on tryptone soya agar, but the sensitivity was reversed by the addition of catalase to the recovery medium. Low levels of peroxide (15 M) were found to be present in the medium, and similar levels of authentic hydrogen peroxide caused death of heatinjured cells. In the experiments described here, the addition of catalase or sodium pyruvate to the agar medium to decompose hydrogen peroxide did not reverse the sensitivity of polA or recA mutants (data not shown), suggesting that endogenously generated ROS may have been responsible for cell death in these strains. The present results suggest that DNA might be a target of oxidative damage in pressure-treated cells but that in the parent strain, any damage thus produced can be repaired.
A different mechanism of DNA damage was indicated by the work of Aertsen et al. (4) and Aertsen and Michiels (1), who discovered a novel pressure-induced SOS response in E. coli in which double-strand breaks in DNA were believed to be the inducing signal. The SOS response was brought about by activation of the Mrr restriction endonuclease. Inactivation of Mrr slightly improved the survival of E. coli after high-pressure treatment (1, 4) . These studies show that DNA damage may arise indirectly by different mechanisms following pressure treatment, but such damage appears to play a relatively minor role in cell death.
In E. coli, approximately 11% of RpoS-regulated genes are involved in protecting cells against starvation, acid, heat, oxi- (29, 55) . Although RpoS has a very large effect on pressure resistance, the identities of the particular RpoS-regulated functions responsible for enhanced resistance were not previously known. Some aspects of bacterial physiology where RpoS may have an effect were examined here: cell envelope resilience, protection against osmotic and oxidative stresses, and DNA repair. Of these, cell envelope resilience appeared to be particularly important, and two RpoS-regulated genes, cfa and osmB, were found to play a significant role in the development of this resilience.
